Aim: To discover and optimize a series of novel PTP1B inhibitors containing a thiazolidinone-substituted biphenyl scaffold and to further evaluate the inhibitory effects of these compounds in vitro and in vivo. Methods: A total of 36 thiazolidinone substituted biphenyl scaffold derivatives were prepared. An in vitro biological evaluation was done by Enzyme-based assay. The in vivo efficacy of 7Fb as an antihyperglycemic agent was evaluated in a BKS db/db diabetic mouse model with a dose of 50 mg·kg -1 ·d -1 for 4 weeks. Results: The in vitro biological evaluation showed that compounds 7Fb and 7Fc could increase the insulin-induced tyrosine phosphorylation of IRβ in CHO/hIR cells. In in vivo experiments, compound 7Fb significantly lowered the postprandial blood glucose, from 29.4±1.2 mmol/L with the vehicle to 24.7±0.6 mmol/L (P<0.01), and the fasting blood glucose from 27.3±1.5 mmol/L with the vehicle to 23.6±1.2 mmol/L (P<0.05). Conclusion: A novel series of compounds were discovered to be PTP1B inhibitors. Among them, compound 7Fb significantly lowered the postprandial and fasting glucose levels, and the blood glucose level declined more rapidly than in metformin-treated mice. Thus, 7Fb may be a potential lead compound for developing new agents for the treatment of type II diabetes. [26] [27] [28] . Therefore, PTP1B inhibitors still represent a challenge for medicinal chemists.
Introduction
The protein tyrosine phosphatases (PTPs) constitute a family of closely related key regulatory enzymes that dephosphorylate phosphotyrosine residues in their protein substrates. They provide a necessary biological counterpart to protein kinases in signal transduction pathways and play an important role in the regulation of many cellular processes, including cell growth and differentiation, metabolism, cell migration, the immune response, cell apoptosis and bone development [1] [2] [3] [4] [5] [6] . Malfunctions in PTP activity lead to aberrant tyrosine phosphorylation and are linked to various diseases, such as diabetes, obesity, cancer, inflammation and neurodegenerative diseases [7] [8] [9] [10] . Therefore, the development of therapeutically promising potent PTP inhibitors is of great importance.
Protein tyrosine phosphatase-1B (PTP1B) is an intracellular PTP that is implicated as a key negative regulator of the insulin and leptin signaling pathways [11] [12] [13] . It acts by dephosphorylating specific phosphotyrosine (pTyr) residues on the insulin receptor and on insulin receptor substrate proteins [7, 11, [14] [15] [16] . Two landmark papers reported that PTP1B deficient mice are more sensitive to insulin, have improved glycemic control, and are resistant to diet induced obesity [17, 18] . Furthermore, treatment of diabetic mice with PTP1B antisense oligonucleotides reduced the expression level of this enzyme and subsequently normalized blood glucose levels and improved insulin sensitivity [19, 20] . A PTP1B inhibitor may provide a novel strategy for the treatment of type II diabetes and obesity. Recent studies have shown that PTP1B also plays a role in tumorigenesis [10, 21] . As a result, PTP1B inhibitors represent attractive pharmaceutical agents for treating type II diabetes, obesity, and cancer. Thus, over the past decade, numerous PTP1B inhibitors have been developed to be used as drug candidates [22] [23] [24] [25] . Most of the reported compounds have exhibited excellent potency (at nanomolar concentrations) in in vitro studies, but the low cell permeability and poor bioavailability of these compounds [26] [27] [28] . Therefore, PTP1B inhibitors still represent a challenge for medicinal chemists.
Compounds of the thiazolidinedione (TZD) class have aroused considerable interest as antihyperglycemic compounds and aldose reductase inhibitors [29] [30] [31] . Some of these compounds (such as pioglitazone and rosiglitazone) are insulin-sensitizing agents acting as peroxisome proliferatoractivated receptor γ (PPARγ) agonists [30] , and they have been shown to be effective in treating type II diabetes in clinical situation. In addition, some 2,4-TZDs have proved to be PTP1B inhibitors [32] . In our previous work, we have reported the discovery of PTP1B inhibitors from our combinatorial library, in which the thiazolidinedione moiety and substituted biphenyl scaffold were found to be effective [33] . Here we describe our efforts to extend the SAR studies leading to more potent PTP1B inhibitors with antihyperglycemic activity in vivo.
Materials and methods

Chemistry
The general method of synthesis for the compounds is depicted in Scheme 1. 4-Bromo benzaldehyde was attached to the amino functionalized PEG support via an imine linkage, and Suzuki coupling was subsequently performed to give polymer 4. Products 5Aa-5Cc were obtained from the cleavage reaction of polymer 4 with different cleavage agents (Scheme 1) [33] . Since 4'-substituted compounds were identified as more potent PTP1B inhibitors, additional diversity was introduced at the 4'-position of the biphenyl scaffold. Polymer 3 was reacted with halides 6A-6I and then released from the PEG support using the same cleavage strategy to afford products 7Aa-7Ic. This process generally provided the final products in >75 % yield with >85 % purity.
In vitro enzyme assays
Enzyme-based assay of PTP1B A colorimetric high throughput assay to measure inhibition against PTP1B was performed in 96-well plates. Briefly, the tested compounds were solubilized in DMSO and serially diluted into concentrations for the inhibitory test. The assays were carried out in a final volume of 100 μL containing 50 mmol/L MOPS, pH 6.5, 2 mmol/L pNPP, 30 nmol/L GST-PTP1B, and 2% DMSO, and the catalysis of pNPP was continuously monitored on a SpectraMax 340 microplate reader at 405 nm for 2 min at 30 °C. The IC 50 value was calculated from the nonlinear curve fitting of the percent inhibition 
Enzyme-based assay of PTP1s
PTPase family members, such as Src homology domain 2 (SH2)-containing tyrosine phosphatase-1 (SHP1), Src homology domain 2 (SH2)-containing tyrosine phosphatase-2 (SHP2), leukocyte antigen-related phosphatase (LAR), CDC25B and PRL-3, were prepared for the selectivity assay of compounds as previously mentioned [34] . Assays for these PTPases were performed at the optimal pH for each individual enzyme activity. These enzymes and inhibitors were preincubated for 3 min at 4 °C, and the assays were initiated by adding substrates. Assays performed for CDC25B, SHP1 and SHP2, LAR and PRL-3 were done using OMFP as a substrate.
In vivo efficacy study on diabetic BKS db/db mouse C57BLKS/J-db/db mice were introduced from Jackson Laboratories. At the age of 8 weeks, db/db mice were randomized into the various treatment groups by body weight and random-fed glucose levels. Mice were orally administered once daily with 50 mg/kg per day 7Fb and 150 mg/kg per day metformin. The diabetic and wildtype mice were gavaged with 5% methycellulose (MC) as control group for 4 weeks. The random-fed and fasting blood glucose were tested after 4 weeks treatment. The glucose tolerance test was performed after 6 h fasting and blood glucose were recorded in 0-120 min after 2 g/kg glucose ip injection. Difference between groups was analyzed by Student's t-test. All animal experiments were approved by the Animal Ethics Committee of the Shanghai Institute of Materia Medica. 5(A-C)a and 7(A-I)a to 5(A-C)(b, c) and 7(A-I)(b,  c) , we found that compounds containing a 4-oxothiazolidine-2-thione moiety showed better inhibitory activity against PTP1B. Introduction of an acetic group in the N position of the 4-oxothiazolidine-2-thione moiety made little impact on its activity. Bulky substituents at the 4'-position of the biphenyl scaffold led to favorable bioactivity. Generally, the aryl substituents at the 4'-position provided better inhibition of PTP1B than the alkyl substituent. The length of the linker between the biphenyl scaffold and the aryl group also influenced the inhibitory activity. Benzyl substituents gave the best results in 7Fc and 7Fb, with IC 50 values of 0.48±0.07 μmol/L and 0.69±0.07 μmol/L, respectively.
Furthermore, 7Fb and 7Fc were screened against a panel of six members of the PTPase family (Table 2 ). In contrast to the poor selectivity of 7Fc, compound 7Fb exhibited high selectivity against several other therapeutically useful phosphatases (ie, SHP1, SHP2, LAR, etc).
Cellular and in vivo activity of selected compounds
In the next step, we evaluated the two potent inhibitors of PTP1B, 7Fb and 7Fc, in CHO/hIR cells according to our previous method [35] . CHO/hIR cells were incubated with several concentrations of compounds 7Fb and 7Fc (1.1 μmol/L, 3.3 μmol/L and 10 μmol/L) for 2 h. This was followed by treatment with 10 nmol/L insulin for 10 min (Figure 1) . DMSO (0.2%) and orthvanadate (1 mmol/L) were used as negative and positive controls, respectively. The cell lysates were subjected to SDS-PAGE, transferred to a nitrocellulose membrane, and probed with specific anti-pTyr 1162/1163 IR antibodies. As shown in Figure 1 , both compounds increased the insulininduced tyrosine phosphorylation of IRβ and compound 7Fb (1.1 μmol/L) boosted IR phosphorylation more potently.
Based on the selective inhibition of PTP1B by 7Fb and its cellular activity of increasing IR phosphorylation, the efficacy study was further investigated in a diabetic mouse model. In vivo efficacy of 7Fb as an antihyperglycemic agent was evaluated in a BKS db/db diabetic mouse model at a dose of 50 mg/kg per day for 4 weeks. Compound 7Fb significantly lowered the postprandial blood glucose from 29.4±1.2 mmol/L with the vehicle to 24.7±0.6 mmol/L (P<0.01) and the fasting blood glucose from 27.3±1.5 mmol/L with the vehicle to 23.6±1.2 mmol/L (P<0.05). The impaired glucose tolerance capacity of the diabetic mice was also significantly improved after prolonged 7Fb treatment, and the area under the curve (AUC) was decreased to 3829.5±208.5 mmol/L·min from 4404.4±100.1 mmol/L·min. The blood glucose level declined more rapidly than in metformin treated mice (150 mg/kg) ( Figure 2) .
Taken together, the cellular effect of PTP1B inhibition on the 
Conclusion
In summary, with the methods developed for the synthesis of a biphenyl thiazolidinone library, we have found a series of novel PTP1B inhibitors that exhibited submicromolar potency. Among the compounds, 7Fb was tested in an animal model for its efficacy as an anti-diabetic agent. Compound 7Fb significantly lowered the postprandial and fasting glucose levels and improved the glucose tolerance in the db/db diabetic mice; thus, it may be a potential lead compound for the generation of a therapy for type II diabetes.
Appendix
The reagents (chemicals) were purchased from Lancaster (Morecambe, England), Acros (Geel, Belgium) and Shanghai Chemical Reagent Company (Shanghai, China) and used without further purification. The analytical thin-layer chromatography was done using HSGF 254 (150-200 μm thickness; Yantai Huiyou Company, Yantai, Shandong, China). The 1 H NMR (300 MHz or 400 MHz) spectra were recorded on a Varian Mercury-300 or 400 High Performance Digital FT-NMR with TMS as an internal standard, and the 13 C NMR (100 MHz) spectra were determined using a Varian Mercury-400 High Performance Digital FT-NMR. Chemical shifts were reported in parts per million (ppm, d) downfield from tetramethylsilane. Proton coupling patterns were described as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), and broad (br). EI-MS and HRMS were performed with a Finnigan MAT 95, EI: 70 eV, R: 10 000. Purity was recorded on a Gilson highperformance liquid chromatography (HPLC) system (306 Figure 2 . Glucose tolerance capacity improved by 7Fb. Diabetic BKS db/ db mice were treated orally with 7Fb or metformin, the diabetic and wildtype mice were gavaged with 5% methylcellulose (MC) as control group for 4 weeks. The glucose tolerance test (2 g/kg glucose ip) was performed after 6 h fasting and blood glucose level at the above time-points were recorded. Differences between groups were analyzed by Student's t-test. General procedures for the preparation of compounds 5Aa-5Cc and 7Aa-7Ic Compounds 5Aa-5Cc and 7Aa-7Ic were prepared as previously mentioned [27] .
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